The 72 member strains of the Escherichia coli Reference collection were assessed as to genotype for 31 putative extraintestinal virulence factor (VF) genes and DNA sequence for papA, the P fimbrial structural subunit gene. Although most VFs were concentrated in phylogenetic group B2 or jointly in groups B2 and D, others were concentrated primarily in group D, were broadly distributed (without group-specific associations), and/or occurred only outside of group B2. Statistical correlations among VFs suggested linkage on pathogenicity-associated islands or plasmids. Isolates from humans and nonhuman primates had more VFs than did isolates from other animals. Sequence diversity was minimal within each F type-specific papA allele group but was substantial among different papA allele groups. The distribution patterns of papA variants and other VFs suggested multiple horizontal transfer events. These findings provide new insights into the phylogenetic origins of extraintestinal VFs in E. coli.
Phylogenetic Distribution of Extraintestinal Virulence-Associated Traits in Escherichia coli
version(s) of the particular ECOR strain that could be confirmed by amplification-based genomic analysis as representing the authentic ECOR strain. (The results of the analysis of the 11 discrepant strains will be presented separately.) Strains were stored at Ϫ70ЊC in broth with 15% glycerol until use.
Population structure, epidemiological data, and serotypes. The presumed population structure of the ECOR collection was as inferred by Herzer et al. [8] , using neighbor-joining (NJ) analysis of distances based on electrophoretic mobility patterns for 38 metabolic enzymes (figure 1) [8] . Host species and clinical source (fecal isolate from a healthy host vs. urine isolate from a human with pyelonephritis, cystitis, or asymptomatic bacteriuria) for the ECOR strains were as published elsewhere [10] and as listed at the Thomas Whittam Laboratory website (http://www.bio.psu.edu/People/Faculty/Whittam/Lab/ecor/). Pyelonephritis and cystitis isolates were defined as urinary tract infection (UTI) isolates. O:H serotypes for the ECOR strains were as listed at the Thomas Whittam Laboratory web site and as published elsewhere [18] .
Virulence genotypes. Strains were tested for 31 different VF genes, using a multiplex PCR-based assay, as described elsewhere [5, 19, 20] (table 1) . PCR detection was supplemented by probe hybridization for a subset of these genes (i.e., bmaE, gafD, fimH, cnf1, kpsMT-II, rfc, and ibeA, plus papAH for strains that were PCR-positive for any other pap elements but PCR-negative for papAH). Dot-blot probe hybridization was done under stringent conditions; probes were generated and were digoxigenin-labeled using the same primers as used in the PCR assay, as described elsewhere [5, 21] . Strains that were positive for kpsMT-II by probe hybridization, but not by PCR, were considered to be K2 capsule-positive [5] . Using a multiplex PCR-based assay, as described elsewhere [17] , we tested papAH-positive strains for 12 alleles of papA that corresponded with the 11 serological P fimbrial F types (F7-1, F7-2, and F8-F16), plus the recently discovered F48 papA variant. Strains that reacted with a particular F type-specific papA primer were considered to contain the corresponding papA allele. (Here, "allele" was understood to refer to a group of closely related minor sequence variants of papA, such that all members of the group would be detected by the corresponding F type-specific primer and would be more similar to the reference papA sequence for that F type than to the reference papA sequences for other F types.) All virulence genotypes were determined, at least, in duplicate, using boiled lysates prepared from 2 separate colonies of each strain. Discrepant results were investigated further, with additional determinations as needed.
papA sequence determination and analysis. papA DNA sequence was determined, as described elsewhere [17] , for all ECOR strains that were PCR-positive for both papAH and a single F type if the papA sequence was not already available [16] . (Strains that were positive for 2 F types by PCR detection of F antigen-specific papA alleles [F PCR] did not undergo papA sequencing because of the probability of confounding due to the simultaneous presence of 2 papAH amplicons.) Predicted mature PapA peptides were aligned with reference PapA peptide sequences for traditional F types F7-1, F7-2, and F8-F16, plus recently described novel PapA variants F40 and F48, by using CLUSTAL-W [22] . An unrooted tree was inferred from the resulting PapA similarity matrix, according to the NJ method [23] , by using the application MEGA [24] . The distribution and characteristics of PapA polymorphic sites within each F type was assessed by using CLUSTAL-W [22] .
Statistical methods. Comparisons of proportions were tested using Fisher's exact test. Comparisons of the prevalence of different traits within the same population were tested using McNemar's test [25] . Comparisons of aggregate VF scores (which were calculated for each strain by summing the number of nonredundant VF genes present in the strain) were tested using the Mann-Whitney U test. Correlations between traits were assessed using Phi coefficients (contingency coefficients for dichotomous nominally scaled data). Because of multiple comparisons, the criterion used for statistical significance was , with considered to reflect borderline signifi-P р .01 P ! .05 cance. Stepwise multivariate logistic regression analysis was used to identify independent predictors of UTI status, with as the P ! .05 significance threshold.
Accession numbers. papA sequences, as determined in the present study for ECOR strains 2, 24, 31, 35, 36, 39, 40, 41, 56, 60, 62, 63 , and 66, were deposited in GenBank under accession numbers AF247345-AF247357, respectively. The F48 and F40 reference papA sequences [17] were deposited under accession numbers AF234626 and AF234627, respectively.
Results

Prevalence of VFs.
All of the ECOR strains except ECOR 4 contained у1 of the VF genes studied, which ranged in prevalence from 1% (gafD) to 94% (fimH) (figure 1; table 2). All of the VFs analyzed, except bmaE and nfaE, were detected in у1 strain each. Of note was the substantial prevalence of iha (33%), traT (32%), and the PAI marker (29%): the higher prevalence of focG (12%), compared with that of sfaS (1%, ); the higher P ! .05 prevalence of fyuA (63%), compared with that of iutA (29%, ); and the appreciable prevalence of the K1 kpsMT variant P ! .01 (15% overall; 39% of kpsMT II-positive strains).
Phylogenetic distribution of VFs. The most common pattern of phylogenetic distribution exhibited by the various VFs was confinement, largely to group B2 and even to particular strains or clusters within this group (figure 1; table 2). VFs exhibiting this pattern included papG allele III, sfa / foc, sfaS, focG, hlyA, cnf1, cdtB, kpsMT-III, rfc, and ibeA. Other VFs were more broadly distributed, occurring in у3 phylogenetic groups each ( figure 1, table 2 ). Although some of these more dispersed VFs were still significantly associated with phylogenetic group B2 (e.g., "K5," fyuA, ompT, and the PAI marker), others were associated with both groups B2 and D (e.g., papAH, papC, papEF, papG, and kpsMT II) or with group D only (e.g., papG allele II, iha, K1, and iutA; table 2). Still others were sufficiently dispersed as to not be associated significantly with any phylogenetic group (e.g., iha, afa / dra, fimH, cvaC, and traT). Several of these (e.g., iutA and traT) were actually less common in group B2 than in other groups (table 2) .
The different phylogenetic groups exhibited disparate median (range) aggregate VF scores: group A, 2.0 (0-7); group B1, 3.0 (2-6); group B2, 9.0 (5-12); group D, 7.0 (2-10); and the nonaligned strains ("non" group), 3.8 (2-5). Each of the major phylogenetic groups differed from the remainder of the pop- Figure 1 . Virulence genotypes of the Escherichia coli Reference (ECOR) collection strains. The tree is adapted with permission from Herzer et al. [8] and is based on neighbor-joining analysis of electrophoretic mobility polymorphisms for 38 metabolic enzymes. The 4 major phylogenetic groups (A, B1, B2, and D) and the remaining nonaligned strains (non) are labeled. Genotypes shown are for virulence factor detection by polymerase chain reaction (PCR) only, except for bmaE, gafD, fimH, cnf1, kpsMT-II, rfc, and ibeA, which were detected by both PCR and probe hybridization in all strains, and papAH, which was detected by PCR in all strains and also by probe hybridization in strains that were PCR positive for any other pap elements but PCR negative for papAH. ECOR 38 was probe positive but PCR negative for papAH (*); hence, it was analyzed as being papAH negative. No strains were positive for bmaE or nfaE. In the putative O:H serotype columns, serotypes are from the Thomas Whittam web site (http://www.bio.psu.edu/People/Faculty/Whittam/Lab/ecor/) (left) and from Amor et al. [18] (right). In the epidemiological source (Epi) column, "H," "P," and "A" indicate host species (human, nonhuman primate, and nonprimate animal, respectively), whereas "p," "c," and "u" indicate clinical category for urine isolates (pyelonephritis, cystitis, and asymptomatic bacteriuria, respectively). Isolates not labeled "p," "c," or "u" are fecal isolates from healthy hosts [10] . For papG, "II" and "III" represent papG alleles II and III, respectively. Results for papG, per se, as derived by using flanking primers, corresponded precisely with papG allele results, as shown. kpsMT IIp and IIb indicate detection by PCR and dot blot, respectively; kpsMT K2 includes strains that are dot-blot positive but PCR negative for kpsMT II; and kpsMT K5 includes all non-K1 and non-K2 group II capsules [5] . PAI, pathogenicity-associated island. In addition to these broad, group-specific patterns of phylogenetic distribution, certain VFs were concentrated within particular smaller clusters in a manner that suggested vertical inheritance of virulence genes within individual lineages (figure 1). For example, within phylogenetic group A, fyuA was present in (clustered) ECOR strains 8, 10, and 11 and in 70% of the strains within the cluster comprising ECOR strains 6, 16, 22, 7, 14, 13, 18, 19, 20 , and 21, but in only 25% of other group A strains ( ) .iha was present in 60% of strains within the cluster P p .02 comprising ECOR strains 1, 5, 8, 10, 11, 25, 2,3, 9, and 12, but in only 1 of the other 15 group A strains ( ; figure 1 ). P p .007 Similarly, within group B1, fyuA was present in (clustered) strains ECOR 70, 71, and 72, but in only 23% of other B1 strains ( ), whereas iroN was present in (clustered) ECOR strains P p .06 58 and 67 but in only 1 of 14 other B1 strains ( ;figure P p .025 1). Analogous findings were noted also within groups B2 and D, including the uniform presence of iha, iutA, the K1 kpsMT variant, and ompT in (clustered) group D strains 35, 36, 38, 39, 40, and 41 and of traT and the PAI marker in (clustered) group D strains 46, 49, and 50 (figure 1).
In contrast, horizontal transfer of VFs was suggested by the presence of certain VFs within multiple well-separated clusters, despite the absence of these VFs from intervening clusters (many examples), by the isolated occurrence of у1 VFs in an individual member of an otherwise VF-negative cluster (e.g., the presence of pap, iha, hly, fyuA, iutA, and kpsMT-II in ECOR 24 [group A]), and by the diverse virulence genotypes exhibited by the various members of certain clusters (e.g., ECOR 56 vs. 57, ECOR 61 vs. 62, and ECOR 63 vs. 64 [group B2];figure 1).
Correlation of VFs. Numerous pairwise correlations were observed among different VFs, which was consistent with either actual genetic linkage (e.g., on the same PAI or plasmid) or coselection (figure 2). Although the presence of so many correlation coefficients precluded confident assignment of statistical significance to any single comparison, many interesting patterns of association were evident. Some of the observed correlations replicated previously described associations [5] , whereas others were novel. Of particular interest were the divergent associations with other traits exhibited by certain seemingly similar VFs, such as papG allele II versus papG allele III, sfaS versus focG, and the several kpsMT variants (figure 2).
papA alleles. According to the F PCR assay, 23 ECOR strains contained у1 of the 12 papA alleles (figure 1). All the alleles, except F7-1 and F16, were detected at least once in the collection (figure 1). As with other VFs, the papA alleles were phylogenetically distributed in patterns that suggested both vertical and horizontal transmission. Consistent with vertical transmission, several clusters exhibited a homogeneous papA allele configuration (e.g., ECOR figure 1 ). In contrast and consistent with horizontal transmission, 7 of the papA alleles were detected in multiple phylogenetic groups, including F7-2, F11, and F14 (groups A and B2); F14, F12, and F13 (groups B2 and D); and F10 (groups A, B2, and D; figure 1). Indeed, only 2 of the papA alleles that were detected in у2 strains each were confined to a single phylogenetic group (these were alleles F8 and F9, which were encountered only in group D strains;figure 1). Conversely, within some phylogenetic clusters, each pap-positive strain had a unique papG allele configuration (e.g., ECOR strains 51, 52, 56, and 57; figure 1).
Five of the 22 F PCR-positive strains had 2 different papA alleles, which is consistent with the presence of 2 copies of papA (figure 1). The F12, F13, and F14 papA alleles occurred almost exclusively in conjunction with papG allele III (7 of 9 occurrences), whereas the F7-2, F9, F10, F11, and F15 alleles occurred almost exclusively in conjunction with papG allele II (10 of 12 NOTE. Dr antigen, human blood group antigen; PAI, pathogenicity-associated island. a All genes were detected by use of the multiplex PCR assay; supplemental detection by probe hybridization (dot blots) for bmaE, gafD, fimH, cnf1, kpsMT-II, rfc, and ibeA was done. Primers and references for all VFs, except iha, iroN, and ompT, are provided in [5] ; those for iha, iroN, and ompT are provided in [19] and [20] . b Denotes a tentatively assigned function of traT.
occurrences). This suggested linkage of specific papA and papG alleles and, hence, possible horizontal transfer of complete pap operons (figure 1). The F13 papA allele was consistently associated with hly and cnf across phylogenetic divisions, which is consistent with colocalization of these virulence genes on a conserved PAI, whereas its associations with other virulence genes were variable (figure 1). Associations of the F12 papA allele with sfa / foc and iroN and of the F14 papA allele with sfa / foc, hly, and cnf were limited to phylogenetic group B2, evidence that suggests different PAI environments for these papA alleles within, versus outside of, phylogenetic group B2 (figure 1). (The single asympn p 21 tomatic bacteriuria isolate, ECOR 71, did not fit into any of the 4 epidemiologically defined categories and therefore was excluded from these analyses.) No statistically significant differences with respect to the prevalence of any individual VF were detected among the UTI isolates, the human fecal isolates, or the primate fecal isolates (table 3) . In contrast, all 3 of these groups exhibited a significantly higher prevalence of multiple VFs than did the animal fecal isolates (table 3) . Similar relationships existed with respect to median (range) aggregate VF scores: human UTI, 7.5 (2-10); human fecal, 5.0 (0-12); primate fecal, 6.0 (2-11); and animal fecal, 2.0 (0-6). The only significant differences were between the animal fecal isolates and each of the other groups (human UTI, ; human fecal, ; and primate fe-
). P p .004 Predictors of UTI status. When the 10 human UTI isolates were compared with the remaining 62 (predominantly fecal) isolates, VFs that were significantly predictive of UTI status in univariate analyses included all pap elements, except papG allele III, plus afa / draBC and kpsMT II (by probe). In a stepwise multivariate logistic regression model, papG was the strongest independent predictor of UTI status ( ; odds ratio P p .003 [OR], 12.9) and was followed by afa / dra ( ; OR, 28.8). P p .024 No other VF was significantly predictive of UTI after papG and afa / dra were entered into the model (not shown).
PapA sequence analysis. To validate the F PCR findings and to further assess PapA sequence diversity, predicted mature PapA peptides from 19 ECOR strains were compared with one another and with reference PapA sequences for the 13 known PapA variants (figure 3). In a similarity dendrogram, the predicted PapA peptides from the ECOR strains clustered with reference PapA sequences almost precisely according to the PCR-determined F types of the ECOR strains and independent of phylogenetic group (figure 3). The only exceptions (ECOR 39, 40, and 41 [all group D]) were F10 by PCR but were closest to the F40 reference PapA sequence in the PapA sequence dendrogram. However, the F10 reference PapA sequence was their next nearest neighbor (figure 3). Collectively, these 3 (putatively F10) ECOR PapA sequences, plus the F10 and F40 reference sequences, formed a cluster that was well separated from other PapA variants ( figure 3) .
Despite the considerable overall peptide sequence diversity of PapA, within each F type group, PapA diversity was scant to nil (figure 3). A combined alignment of all of the PapA peptide sequences from the ECOR strains, plus the relevant . Only VFs that exhibited у1 correlation with another VF at a significance level of are shown. All associations .001 P р .01 P 1 .01 P р .01 with were positive. Results for papA, papC, and papEG (not shown) were largely similar to those for papG. kpsMT IIp and kpsMT IIb P р .01 indicate detection by polymerase chain reaction and dot blot, respectively, and K5 includes all non-K1 and non-K2 group II capsules [5] .
reference PapA sequences, yielded only 34.5% overall amino acid identity, with 12.9% of positions exhibiting strongly similar substitutions, 8.8% weakly similar substitutions, and 43.9% frank differences. In contrast, separate alignments for each F type individually yielded a mean amino acid identity level of 97.4% (range, 90.4%-99.4%) and a mean difference level of only 0.5% (range, 0%-3.0%). These findings strongly suggested multiple recent horizontal transfers of papA alleles from pap-dominated phylogenetic groups B2 and D into characteristically pap-negative groups (e.g., group A and the nonaligned strains), as well as among lineages within groups B2 and D. They also demonstrated that the sequence diversity of PapA is not continuous or random but segregates strictly according to the traditionally defined F types of P fimbriae.
Correspondence between ECOR strains and traditional "virulent clones." Together with previously determined O:H serotypes, the virulence genotype data (figure 2) allowed for certain ECOR strains or clusters to be correlated with specific familiar virulent clones of ExPEC (table 4) [5, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
Discussion
In the present study, we characterized the 72-member ECOR collection with respect to a broad range of putative extraintestinal VFs, including the alleles of the P fimbrial major subunit gene papA, and analyzed the prevalence and distribution of these traits among the ECOR strains. We found that different VFs exhibit distinctive patterns of phylogenetic distribution, including, but by no means limited to, a concentration in phylogenetic groups B2 and/or D. Our findings provide evidence of both vertical and horizontal transmission of VFs, of host-specific associations of VFs, and of strong associations among different VFs and show that the considerable sequence diversity of PapA corresponds with the traditional F types of P fimbriae.
To our knowledge, the present study is the first to assess in detail the prevalence and phylogenetic distribution within the ECOR collection of VFs other than pap, sfa, hly, and kps and the first to differentiate among the subtypes (F type-specific alleles) of papA, between sfa and the closely related foc, and among different capsular types [12, 13, 15] . Our findings indicate that the prevalence of several of the more-recently described VFs is as great as (or greater than) that of certain earlieridentified VFs. For example, fyuA, a marker for the yersiniabactin siderophore system that has recently been described among extraintestinal E. coli [5, 36] , was more prevalent than the better known aerobactin system (iutA) and was the second most frequent VF overall, exceeding even kpsMT II in prevalence. Likewise, most strains that were positive for sfa / foc had the associated adhesin gene focG (F1C fimbriae) rather Figure 3 . Dendrogram of predicted PapA peptides from Escherichia coli Reference (ECOR) collection strains and F type-specific reference PapA sequences. Predicted mature peptides were aligned using CLUS-TAL-W [22] , and a tree was inferred using the neighbor-joining method [23] . Reference sequences for the PapA variants were as reported elsewhere [17] , and, for ECOR strains 46, 48, 49, 50, 52, and 53, they were from [16] . F polymerase chain reaction (F PCR) result for each ECOR strain is shown after the ECOR strain number. F40 and F48 are recently described PapA variants from urosepsis isolates that were negative in F PCR assay [17] .
than the better known sfaS (S fimbriae), which suggests that many strains that previously have been regarded as containing sfa may, instead, actually contain foc [14, 26, [37] [38] [39] [40] .
In addition to prevalence data, the present study provided novel insights into the phylogenetic distribution of the various extraintestinal VFs of E. coli. Consistent with previous observations [12, 14, 15] , most VFs were concentrated predominantly (or exclusively) either within group B2 or jointly within groups B2 and D. These distribution patterns would support the hypothesis of group B2 or of groups B2 and D as the origin of many VFs within E. coli and as the source for horizontal transfer of these VFs into other phylogenetic groups [9, 13, 15] . However, numerous exceptions to these patterns were noted. Certain VFs were concentrated significantly in group D but not in group B2 or were distributed across the population without a significant concentration in either group B2 or D, sometimes even to the exclusion of group B2. Furthermore, certain B2-associated traits were localized to specific lineages within group Downloaded from https://academic.oup.com/jid/article-abstract/183/1/78/815285 by guest on 02 April 2019 B2 (e.g., the group III kpsMT variant within the O4 cluster) or occurred in only a small minority of B2 strains (e.g., cnf1, ibeA, and cdtB). The diverse patterns observed suggest more complex evolutionary histories for the various VFs than can be accounted for by the previously proposed 2-step models that focus on group B2 [9] . It seems probable that different VFs have independently entered E. coli at multiple different times in the species' evolutionary history and at multiple different positions within the phylogenetic tree. Moreover, subsequent to their acquisition, the various VFs have exhibited divergent patterns of vertical inheritance and horizontal transmission within the E. coli population. We found considerable evidence of horizontal transfer of virulence genes among major phylogenetic groups and among lineages within groups, particularly within group B2. The specific detection of papA and papG alleles revealed additional horizontal transfer events beyond those apparent from a generic analysis of pap and other VFs [13, 15] . Taken together, the papA and papG findings suggest that, in most instances of horizontal transfer involving pap elements, entire pap operons move as a unit, whereas papA and papG occasionally are transferred independently of one another.
Many strong correlations were noted among different VFs, findings which are analogous to previous findings from different populations [5, 15, 17, 20, 21, [39] [40] [41] [42] . These correlations are consistent with genetic linkage of certain VFs on PAIs or plasmids, both of which mechanisms are likely to sometimes facilitate horizontal transfer of virulence genes. However, none of the observed associations between VFs were absolute. This variability, which also is consistent with previous observations [5, 20, 43] , suggests that genetic linkages between different VFs are not fixed, that PAIs and virulence plasmids are heterogeneous and possibly subject to ongoing remodeling, and that virulence genes, in some instances, may be horizontally mobile, independent of PAIs or plasmids.
The probability that, in some instances, heterogeneous positivity for a particular VF within a phylogenetic cluster is due to the deletion of the VF gene from certain members of the clonal group rather than to multiple acquisitional events, as has been proposed elsewhere [26] , was suggested by a comparison of the pap genotypes of (group D strains) ECOR 35 and 36 and of ECOR 38-41. Within each of these clusters, certain strains had a more complete copy of the pap operon than did others, a pattern that can be explained most parsimoniously by the loss of various portions of an ancestral pap operon from some members of a generally pap-positive clonal group. This is consistent with the results of our investigation of discrepant VF genotypes among the multiple versions of certain ECOR strains, as obtained from different repositories of the collection, which has revealed several probable recent deletion events that involve pap, iha, and iroN (unpublished data).
Epidemiological analyses showed that although in the total population, papG and afa / dra significantly differentiated between UTI isolates and fecal isolates, the fecal isolates themselves differed considerably with respect to VF profiles, depending on the host group. Fecal isolates from humans and nonhuman primates exhibited nearly the same level of VF positivity as did human UTI isolates, whereas animal fecal isolates were largely devoid of extraintestinal VFs. This indicates that many putative human extraintestinal VFs are also associated with commensal status in humans and nonhuman primates, which is consistent with the hypothesis that they may confer a fitness advantage for intestinal colonization of humans [44] .
Together with previously determined O:H serotypes, the viru-lence genotype data from the present study allow for certain ECOR strains or clusters to be correlated with specific familiar virulent clones of ExPEC (table 4) [26] [27] [28] [29] [30] [31] . These proposed identifications, which represent the first attempt to project known virulent ExPEC clones onto the ECOR collection phylogenetic tree, help clarify the relationships among the different virulent clones themselves and between the clones and the larger E. coli population. Our PapA sequence data considerably extend previous observations regarding the marked sequence diversity of PapA and the horizontal transfer of PapA variants within and between phylogenetic groups [16, 17] . They provide novel evidence that PapA sequence diversity is not continuous but occurs among a limited number of discrete allele groups, each of which is internally highly homogenous [17] . These PapA alleles correspond almost precisely with the traditionally recognized serologic F types of P fimbriae (i.e., F7-1, F7-2, and F8-F16), which account for most of the PapA diversity detected among the ECOR strains (figure 1) and among clinical collections of E. coli [17, 19] . In view of the considerable overall sequence diversity of PapA, it is intriguing that these particular PapA variants have come to predominate within the E. coli population, to the near-complete exclusion of alternative types. The selection factors or functional constraints responsible for this highly stratified diversification would be most useful to discover.
The present study has several potential limitations. First, the phylogenetic inferences rest on the assumption that the phylogeny of the ECOR strains, as suggested by the MLEE-based NJ tree of Herzer et al. [8] , is correct. However, different data sets (e.g., from MLEE vs. multilocus sequence analysis) and analytical approaches (e.g., NJ vs. parsimony) yield different putative phylogenies for the ECOR strains [9, 11, 45] , only one of which can be true.
Second, our conclusions assume that the strains analyzed in the present study correspond with those used by Herzer et al. [8] . However, the literature contains numerous hints (including the serotype discrepancies shown infigure 1) that strain substitutions have occurred in various versions of the ECOR collection. We have direct evidence of this phenomenon involving 6 different ECOR strains (unpublished data). Although in the present study we avoided these known "impostor" strains, we cannot exclude the possibility that other unrecognized impostors remained. Substitution of an impostor invalidates phylogenetic inferences regarding the particular ECOR strain, distorts prevalence estimates, and confounds analyses of associations between traits.
The third limitation is that, although the ECOR collection provides a more suitable substrate for analysis of the phylogenetic distribution of particular traits within the general E. coli population than do collections of clinical isolates (which are highly selected), the ECOR collection itself is not free from selection bias. Although the ECOR strains were chosen primarily to reflect the range of genetic diversity within E. coli, the compilers of the collection deliberately included multiple representatives of certain genotypes from different clinical sources [10] . This has resulted, for example, in a disproportionate representation of the O7:K1: HϪ clone within group D, which inflates the apparent prevalence of VFs associated with this clone. Finally, multiple comparisons increased the likelihood of finding spurious associations by chance alone. To protect against this, we used a conservative criterion for statistical significance ( ) and regarded novel P р .01 associations or those with borderline P values as suggestive rather than definitive. However, this increased the likelihood that some true differences would be missed, particularly in view of the modest sample size for certain subgroups, such as phylogenetic group D, human UTI, and nonhuman primates.
In summary, in this analysis of the ECOR collection, various putative extraintestinal VFs were found to exhibit distinctive and diverse patterns of phylogenetic distribution, including, but not limited to, a concentration within phylogenetic groups B2 and/ or D. Both vertical and horizontal transmission of VFs were documented, as were strong statistical associations among different VFs. Isolates from humans and primates exhibited more VFs than did fecal isolates from other animals. papG and afa / dra were significant independent predictors of UTI status. The considerable sequence diversity of PapA conformed closely to the traditionally recognized F types of P fimbriae. Ideally, in the future, the availability of a new and larger study population whose members have been selected in an unbiased manner and for which phylogenetic relationships have been defined by a more precise method (e.g., multilocus sequence typing) should allow for the validation of the present study's findings and permit ongoing assessments of the phylogenetic distribution and epidemiological associations of newly identified E. coli VFs as they are discovered.
